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ABSTRACT: A mechanistic study of iron-catalyzed hydromagnesiation of styrene using operando infrared spectroscopy is reported.
Kinetic investigation by both initial and observed rate measurements indicate complex concentration dependencies on the iron catalyst
as well as sacrificial Grignard reagent and styrene. Global numeric analysis of probable mechanisms using COmplex PAthway Sim-
ulator (COPASI) led to the identification of a twelve step mechanism that accurately reproduces experimental timecourse data over
a wide variety of reaction conditions. Predictions using the hydromagnesiation mechanism reveal the origins of the observed kinetic
complexity.

Over the last decade, the discovery and utilization of earth- A H H
abundant metal catalysts have transformed the field of homoge-
neous organometallic chemistry, enabling researchers to de- H
velop synthetic methods that rivals precious metal catalysts in
terms of reaction scope, selectivity, and efficiency as well as
positively impact environmental and economic sustainability.!
Reductive functionalization reactions of alkenes have been es-
pecially prominent with important examples of hydrofunction-
alization, (hydroboration,” hydrosilylation,? hetero(element)-
functionalization*) as well as reductive cross-coupling,’ and hy-
drogenation.® A lesser explored class of alkene reductive func-
tionalization proceeding through transfer hydrometallation,
specifically hydromagnesiation’ or hydrozincation,® have also
been reported however, the catalyst systems suffer from limited
substrate scope and selectivity. Nevertheless, these reactions
provide access to more complex, valuable organometallic rea-
gents that are amenable to subsequent reaction with a variety of
electrophiles including CO»,, an important underutilized C,
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of organometallic reagents.'" Only recently have significant
strides been made to elucidate the mechanism of these transfor-
mations. Thomas utilized in situ generated catalyst, 2,6-bis[1-
(2,6-diisopropylphenylimino)ethyl]pyridine iron(II)dichloride
(iron-PDI), to achieve hydromagnesiation of electron-rich and
neutral styrene derivatives (Figure 1B). Subsequent

Figure 1. General mechanistic and synthetic schemes illustrat-
ing transfer hydrometallation. A) Traditionally proposed
mechanism for hydromagnesiation (outer cycle). B) Thomas’
hydromagnesiation of styrene derivatives.



mechanistic analysis revealed: 1) kinetic complexity arising
from catalyst as well as Grignard and alkene substrates/prod-
ucts; 2) direct f-hydride transfer (Figure 1A), not elimina-
tion/insertion, as a likely elementary catalytic step from deuter-
ium labeling studies; 3) formal iron(0)-ate species as compris-
ing both resting state and off-cycle catalytic intermediates.'™
The mechanistic investigations reported to-date have yet to de-
fine clearly the origin of the complex kinetic behavior nor do
they directly take into account the role that formation of the lin-
ear Grignard product play on the overall kinetics. Herein, we
utilize operando infrared spectroscopy to perform a detailed ki-
netic analysis and numerical modelling of the Thomas hydro-
magnesiation reaction that explains the kinetic complexity ob-
served, offering a mechanistic foundation for future develop-
ment of iron-catalyzed transfer hydrometallation reactions.

We initiated our studies by examining Thomas’ hydromag-
nesiation reaction between styrene (S) and cyclopentylmagne-
sium bromide (G) with isolated (PDI)FeCl, pre-catalyst using a
ReactIR 15 system (Figure 2). The sacrificial Grignard reagent
was previously shown to lead to high yields of branched Gri-
gnard product with slightly lower regioselectivity as compared
to ethylmagnesium bromide.”® The reagent was chosen to sim-
plify reaction analysis due to the formation of soluble cyclopen-
tene (CYP) product as compared to gaseous ethylene. Infrared
spectral signatures for both branched (BR) and linear (L) prod-
ucts were unambiguously identified at 1590 cm™ and 1602 cm™!,
respectively (Figure 2B), and through spectral deconvolution,
reaction timecourses for both regioisomers were obtained (Fig-
ure 2C). Reaction timecourses generally exhibited approximate
exponential growth of both products, allowing both initial rate
and observed rate constants to be determined.

Kinetic analysis of the hydromagnesiation reaction were per-
formed by independently varying the concentration of reactants,
catalyst, and cyclopentene product. The results, as presented in
Figure 3, reveal complex kinetic behavior. Specifically, analy-
sis of initial rates indicates non-linear kinetic behavior for both
catalyst and Grignard reagent while linear behavior, which does
not proceed through the origin, was observed for styrene. Anal-
ysis of observed rates reveal linear kinetic behavior for catalyst
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Figure 2. Standard hydromagnesiation reaction conditions
(A) and representative depictions of operando infrared
spectroscopy timecourse data (B-C).
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Figure 3. Concentration dependencies of initial and ob-

served rates for catalyst and substrates. Points in red repre-

sent standard reaction conditions (see Figure 2).

and inhibitory behavior at low concentration for both Grignard
reagent and styrene. When the concentrations of the substrates
are similar or in excess, the behavior changes with Grignard
displaying increasing non-linear kinetic behavior and styrene
displaying no change in rate. This suggests that transmetallation
to form the new Grignard product is the turnover limiting step,
which is consistent with studies by Thomas.”®!'* Addition of
exogenous cyclopentene, up to 15 equivalents relative to sty-
rene, shows no effect on initial rate or observed rate (Figure S6).

Given the complexity of the kinetic behavior, COmplex
PAthway Simulator (COPASI) was used for global numeric
analysis of probable mechanisms of transfer hydrometallation.'?
Parameter estimations and LSODA deterministic timecourse
analysis allowed for comparison to experimentally collected
timecourses. A collection of ten timecourses were chosen to re-
flect various experimental regimes and used for global numeric
fitting.'* We first analyzed the two minimalistic mechanisms
suggested by  Kochi and  Thomas  p-hydride
elimination/migratory insertion (BHE/MI) and direct S-hydride
transfer (DHT), respectively (Figure 1A). Poor agreement with
experimental timecourses was noted for nearly all COPASI-
estimated timecourses based on simple iron(Il) BHE/MI and
DHT mechanisms as well as the formal iron(0) mechanism
recently forwarded by Thomas and Neidig (c.f., Scheme S1 and
Figure S13).!% This result was not surprising given the non-
linearity of catalyst and Grignard initial rates data. The former
data set (Figure 3A) fit best to a hyperbolic function, potentially
suggesting bimolecular catalyst decomposition,'* while the
latter data set (Figure 3C) displayed apparent saturation
behavior based on Lineweaver-Burk analysis (Figure S10).
Both of these mechanistic steps appeared reasonable based on
reported bimolecular reactions of (PDI)FeCl,,'* and by analogy



to proposed organoaluminum complexation with PDI-iron eth-
ylene polymerization catalysts.'® Unfortunately, poor agree-
ment was observed when different variations of these elemen-
tary steps were included and numerically simulated.'’

We eventually arrived at a collection of twelve elementary
reactions (Figure 4) that yielded excellent agreement with the
representative timecourses by sequentially assessing the mech-
anistic impact of three kinetic observations:'® 1) linear initial
rate dependence with a non-zero intercept for styrene (Figure
3E); 2) inhibitory behavior of both styrene and Grignard at low
concentrations; 3) varying amounts of Grignard product, L, de-
pending on reaction conditions;. The initial rate dependence of
styrene suggested strongly that a facile styrene-promoted pre-
catalyst activation pathway exists (Step 1A-2B) that outcom-
petes unaided Grignard activation (Step 1-2). Such behavior is
well-known in enzyme kinetic studies to lead to hyperbolic cat-
alyst dependencies."”

In an attempt to explain the inhibitory behavior of styrene at
low concentrations, we introduced a reversible pathway by
which the catalytic species IIIP® preceding the TLS may be
trapped off-cycle (Step 8). The resulting COPASI timecourse
analysis, with all elementary steps set as reversible, yielded ex-
cellent agreement over the entire timecourse collection, Scheme
S7 and Figure S24-25. Introduction of a similar off-cycle spe-
cies from III* led to poorer agreement with experimental data.
Importantly, all attempts to identify a mechanism in which an
Fe-H intermediate (ie., BHE/MI pathway) was kinetically rele-
vant were unsuccessful, corroborating Thomas’ proposal that
this hydromagnesiation proceeds through a DHT pathway.

Thomas noted that linear Grignard, L, isomerized to
branched Grignard, BR, in the presence of alkene and iron cat-
alyst.”®!%¢ We monitored the isomerization reaction in the pres-
ence of styrene (10 mol% and 100 mol%) by in situ IR spec-
troscopy and the observed rate of isomerization was calculated
to be only a single order of magnitude slower than the observed
rate of hydromagnesiation (Figure S12), implying that the isom-
erization process (Step 7 and 9) may be kinetically relevant un-
der certain reaction regimes. Upon introduction of these new
steps, poorer agreement was observed when all elementary
steps were set as reversible. Recognizing that previous mecha-
nistic work with EtMgBr led to the conclusion that formation of
both intermediate IIIBR and product BR were irreversible, Steps
4-6 were also evaluated as irreversible as shown in Figure 4.
The resulting kinetic model exhibited excellent agreement over
all timecourses collected (24 data sets), Figures S26-28. The ki-
netic model was then used to predict, with good agreement,
timecourse data for a reaction in which regioselectivity is ini-
tially poor but improves steadily over time as observed previ-
ously by Thomas (Figure S28).78

Explanations for the complex observed kinetic dependencies
were sought by simulating timecourse data under various re-
gimes using the collection of elementary steps and rate con-
stants. When the concentration of catalyst was varied at a higher
concentration of Grignard substrate (3 equiv), the non-linear
catalyst dependence became linear. Gratifyingly, these results
were corroborated experimentally (Figure S29). Further,

A.
# Elementary Step kior (5)  kev (s) Keq
1A 1+S IS 3.99E+4 1.76 2.27TE+4
2A  1°S+G =—— I'S*G 262.6 0.083 3.16E+3
2B 14SG =——= IIS 5.45E+4 1.28E-4 4.26E+8
1 1+G = IG 5.83 4.42E+3 1.32E-3
2 IG = 68.7 0.53 129.6
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Figure 4. Proposed mechanism of transfer hydromagne-
siation based upon global numerical modelling (L = PDI, L
= Linear isomer).

when the model was altered such that Step 7 (ie., transmetalla-
tion to form L) was irreversible, the catalyst dependence also
became linear (Figure S30), strongly suggesting that the hyper-
bolic catalyst dependence, measured by initial rates, is a conse-
quence of kinetically complex interplay between active catalyst
and linear Grignard product as catalyst loading increases.
Through similar timecourse simulations, specifically the re-
moval of Steps 6-9 (ie., formation of linear Grignard L and trap-
ping iron catalyst off-cycle III®ReS), we found observed rate vs.
concentration behavior that no longer qualitatively mirrored the
experimentally observed inhibitory behavior of Grignard and
styrene substrates at low concentration (Figure S31-32). The
absence of agreement implies that kinetic formation of off-cycle
intermediate, IIIBReS, and linear Grignard, L, are integrally



linked to the inhibitory behavior. This may suggest that Gri-
gnard isomerization processes play a key role in the substrate
dependence kinetics.

Finally, we applied the kinetic model in Figure 4B to
Thomas’ 2012 reported reaction timecourse using ethylmagne-
sium bromide, under an N, gas.”®!* The predicted timecourse
fits the data remarkably well (Figure S33) given that off-cycle
low valent iron-dinitrogen species were observed and charac-
terized by Thomas/Neidig (Scheme S1).'% This demonstrates
the likelihood that this kinetic model provides a mechanistic
foundation by which similar transfer hydrometallation reactions
with different Grignard reagents or alkene derivatives can be
understood.”

The collection of elementary steps is depicted in a concise
mechanism in Figure 4B. Based upon recent work by Chirik and
Thomas/Neidig, formal (PDI)iron(0) species result rapidly
upon treatment of iron(I) pre-catalyst with >20 equiv. of Gri-
gnard reagent.?' Thus, we believe that a formal iron(0) species
L, ligated by cyclopentene or solvent, enters the catalytic cycle
through competing pathways in which ligand substitution oc-
curs with either an equivalent of Grignard reagent, under limit-
ing styrene conditions, to form first an adduct I*G that enters
the catalytic cycle as iron-alkyl II, or styrene yields IS that
subsequently undergoes transmetallation and enters the cata-
lytic cycle as styrene-bound iron-alkyl IIsS. The role of vinyl
arene to activate the pre-catalyst may be a critical design feature
to consider in future catalyst optimization studies and may con-
tribute to substrate scope limitations in this catalytic system. In-
termediate II*S undergoes competing 2,1- and 1,2-insertion
pathways to yield iron-benzyl, III®®, and iron-homobenzyl,
III". The rate constants for the forward reactions indicate ap-
proximately 6.1-fold faster formation of III®R. The irreversibil-
ity of steps 4, 6, and 9 is consistent with experimental observa-
tions made with cyclopentene and other disubstituted alkenes
by Thomas.!%¢ Transmetallation of III®R is favored over ITI",
the reversibility of III" leads to the probability of isomerization
to IIIBR in the presence of excess styrene. The irreversibility of
Step 5, transmetallation of IIIBR, is consistent with previous
deuterium studies discussed by Thomas, wherein branched Gri-
gnard product does not reenter the catalytic cycle.”®'°*¢ Finally,
III®® may react with another equivalent of styrene to form off-
cycle alkene adduct ITII®RsS. Conceivably, such a species would
be necessary to access the catalytically competent off-cycle (n*-
styrene);Fe’(benzyl) anion intermediate identified and inde-
pendently prepared by Thomas and Neidig.'® Notably, their
study showed that this species accounted for only a small per-
centage of catalytically active iron at early time points then in-
creased steadily over the course of the reaction.!™ This observed
catalyst decomposition behavior is consistent with approx. 10°
slower formation of IIIPReS relative to formation of branched
Grignard product via transmetallation (Step 5).

In summary, we have carried out a mechanistic study of an
underutilized class of alkene hydrofunctionalization reaction,
transfer hydrometallation. Using in situ infrared spectroscopic
studies and global numeric modeling, a detailed understanding
of the kinetic complexities of hydromagnesiation of styrene by
iron-PDI catalyst has been reached. In future work, we hope to
identify the electronic/steric features of the sacrificial organo-
metallic reductant and alkene substrate that lead to efficient and

selective catalysis. We anticipate that this work will provide an
important foundation by which rationale earth abundant catalyst
design can be achieved for this and similar reductive function-
alization reactions.
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